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Coronal Heating by Nanoflares: Plasma Dynamics
of Elementary Events

R. A. Kopp®* and G Poletto**
* Los Alamos National Laboratory, Los Alamos, NN §7545, U.S.A.
**Osservatorio Astrofisico di Arcetri, Largo Ennico Fermi, 5, £0125 Firenze, Italy

Abstract. It has been suggested by Parker (1983, 1988), Sturrock et al. (1990),
and others that the corona may be stochastically heated, on spatial scales at or below
current instrumental resolution limits, by a continuous succession of many small flare-
like events commonly referred to as nanoflares. In this paper we extend a semi-
analytical “poir*™ model developed previously for solar compact flares (Kopp and
Poletto, 1990), to include gravitational plasma downfall during the late decay phase.
Applying the model] to conditions representative of nanoflares allows us to predict the
temporal variation of average plasma properties in such events mid should ultimately
facilitate a calculation of the spectral characteristics of a nanoflare-heated corona.

1. Introduction

During the past few years the plethora of coronal heating theories has been augmented by still
another candidate - namely, heating via a sporadic sequence of tiny impulsive energy releases in
the coronal plasma. These clementary impulsive outhursts, which lie at or below the resolution
limits of existing telescopes, ave become known as nanoflares (Porter ot al., 1987; Parker,
1988). The energies of individual nanoffares range from < 1024 to ~ 1027 erg. It should
be pointed out that the idea of nanoflare heating, of the corona does not necessarily comprise n
fundamentally new dissipation mechanisim. Rather. it represents an attempt to identify precisely
the coronal sites where an already known mechanism, for example magnetie reconnection on
small seales, is at work, and to associnte these sites with observable features on the Sun.

The present work is aimed ot understanding the plasma dynumnies on the coronal loop
where a nnnoflare (NF) oceurs. To this end, and in view of the fact that current instruments
are ineapable of resolving the spatial structure of these events, ic seems rensonnble to adopt
theoretical deseription enst in terns of spatial averapes of the thermodynamie varinbles. When
instrutnents with the required resolution (< 102 kui) become available, more complete hydro
dynamical modeling will undonbtediy be enlled for.

2. Description of the model

We consider a rigid nagnetie loop with ends rooted deepin the chromosphere, of semi length
L <. the pressare seale height. Prior to the NF| the loop pressure is equal to that of the upper
chiromosphere and the temperature is that of the background coronn. (The subsequent tine
hehavior of the loop plasmn, however, is quite insensitive to these preflie conditions.)

The sudden relense of enerpy identitied with the nanotline instantancously raises the loop
temnperature withont immediately chianging, its density, The elevated tempernture entises en
haneed downward thermal conduetion, whieliin turn leads to evaporative tilling of the loop fiom
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sufficient to impede further evaporation, whence the filling stops and the plasma radiatively
cools and at the same time begins to fall back into the chron.osphere.

A simple model to describe this scenario - including thermal conduction, chromospheric
cvaporation, and optically thin radistive losses (but neglecting gravitational downfall) - has
been developed by Kopp and T “otto (1990) in the context of solar and stellar compact flares.
These authors actually treated the case of a non-rigid flux tube, which was free to expand
laterally to maintain pressure equilibrium with the surrounding corona.  Thus, the present
problem represents the “low-3 limit” of the more general case.  Integrating the energy and
continuity equations over the loop semi-length, L, and assuming the pressure to be spatially
uniform at each instant, yields two total differential equations for the average loop density, p(t),
and pressure, P(t):

dp _ov

dt ~— L’

dP _ APv -1

(H = L + L [(Fc - Fr(l)+(Fr Fr(l)]‘

where 4 is the specific heat ratio; F, Fr. and Feg, Fro are the conductive and radiative fluxes
at times ¢t and ¢ = 0 (pre-flare atmosphere), respectively; and

7_1_Fc—E-U = p
N P = Ueray

is the evaporation velocity, The temperature is given in terms of P(1) aud p(t) by the ideal gas
cquation of state,

An approximate treatment of the effect of gravity ou the solutions may be gained by replae-
ing the above expression for © by v == vepap — vay Where vg = (1 = po/pleyy is the gravitational
downflow speed; here vgy is the free-fall speed from the loop summit. (The ad hoe mmltiplier
(1= po/p) on vyy ensures that the downflow will vanish when the loop density has returned to
its preflare value, pg.) Now, carly in the event v, 3 vy thus the presence of gravity will
hecome noticeable only after conductive cooling has lowered the loop temperature somewhat
and the strong evaporative upHows have begun to subside,

Numerical integration of these equations. starting from the enhanced values of T and P
produced by the nanoflare heating, yields the plasma history following the impulsive phase. For
the original application to compact fnres. comparisor of the model (without gravity) with a de-
tailed hydrodynamical simulation by Pallavieini e al. (7 '83) showed qualitative agreement over
umich of the flare deeay phase: the inclusion of gravitathione] downfall in the manner indicated
above substantially improves this comparisou, particularly at iate times,

3. Calculations and discussion

Nanoflares are the visible manifestations of sudden energy releases on diserete magnetie flux
tubes threading the low corona. As wix mentioned previously, they oceur over o hroad range
of energies nnd sizes. As n specifie example we now consider the response of an average coronal
loop (semi length L = 10,000 ki) to u typienl NEF energy release (£, - 102 ergs), which we
nssume occeurs instantaneonsly at £ = 04 Parker (1988) estimiates the dinmeter of an elementary
cotonnl flux rope to be of erder 200 kens this, in conjuncetion with the above nnmmbers, gives an
nverage volumetrie energy relense of ¢, = 16 erg e over the total lenpth (21) of the loop,
Figure 1 depicts the run of loop tempaerature aned plasia velocity as funetions of time after
the Nionset, The Ligh initial tempetinure (~ 10% K is ancwtifaet of the simmple nodel and will
probably not be realized in practice, sivee the netaal enerpy release will be spread over some
Drief but finite time interval, Note that the temperature falls rapidly ot first, deereasing, to
vilies of less than 107 K in about 50 0 This heliavion is consistent with the observed soft Xoray
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Figure 1. Time history of loop tempera- Figure 2. Nanoflare emission measure
ture and plasma velocity for the “typical” versus time.

nanoflare described in text.

lifetimes of nanoflares in the range 20 to 60 s (Porter et al., 1987). At later times the decline of
temperature becomes much more gradual, as the evaporated plasma cools and settles back into
the chromosphere. At very late times (not shown in the figure) the loop plasma asymptotically
returns to its preflare state, which we have taken to be that of a static background corona with
Ty = 10° K and P, = 0.1 dyne em™2.

Figure 2 shows the temporal variation of emission :acasure (EM) for our NF model. Sinee
the loop volume remains invariant, the EM reflects first the increase in electron density caused
by strong chromospheric evaporation, and subsequently the slow return to preflare conditions as
the evaporated plasma cools and settles back into the chromosphere. With current instruments
oue caunot expect to measure accurately the peak EM (~ 10" ¢tn™%) of an individual nanofiare.
However, to supply the average 107 erg cm™2 57! required to heat the corona (Withbroe and
Noyes, 1977), implies that approximately 3 x 10% sucl events are in progress at any time. The
ccmposite EM from 3 x 10°% of our model nanoflares, namely 5 < 101 ¢ =3
as the observed Xeray emission measure of the entire corona.

, 15 roughly the same
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